INTRODUCTION
The first line of defence against noxious agents, bacteria and mechanical forces of the stomach wall and other epithelia of the gastrointestinal and respiratory tracts is the mucus layer. This is a highly viscous gel composed mainly of water and mucus glycoproteins (mucins). Mucins constitute a family of high-molecularmass glycoproteins secreted by specialized cells in the epithelium [1] [2] [3] . Isolated mucins can account entirely for the viscous aspects of mucus [4] . Therefore, understanding the complex structure of these macromolecules is the key to comprehension of the protective function of mucus. An important and characteristic feature of mucins is the high proportion (> 50 %) of 0-linked oligosaccharide chains. These chains may variably terminate in sialic acid or sulphate residues, rendering the mucins very hydrophilic and negatively-charged [1, 2] . Moreover, the physicochemical properties of mucus are dependent on a disulphidebond-mediated polymeric configuration of the mucins, as the viscosity is greatly affected after addition of reducing agents [4, 5] . Isolated mucins from different sources appear as filamentous thread-like homo-oligomeric structures, with lengths up to 10 /sm, which can be chemically reduced to smaller subunits [6] [7] [8] [9] [10] .
Previously we described the structure of prominent gastric mucins isolated from rat and human stomach tissue [10, 11] . Both mucins (designated RGM and HGM respectively) contained a large proteinase-resistant domain, containing most of the 0-linked oligosaccharide chains. In addition, proteinase-sensitive domains could be discerned, containing all ofthe cysteine residues sequences were present and the deduced polypeptide sequence contained two potential N-linked glycosylation sites. Four cysteine-rich clusters were detected, one of which was apparently homologous to the D-domains present in other mucins and in von Willebrand factor. The arrangement of the cysteines in three other cysteine-rich clusters was conserved in the human gastric mucin cDNA in a similar fashion as in two domains in the MUC2 gene product. The cysteine-rich domains were separated by short stretches of non-repetitive amino acid residues with a very high content of threonine and serine residues. These data suggest that the encoded polypeptide of this clone may be involved in disulphide-bond-mediated oligomerization of the mucin, and provide new insights into the molecular organization of mammalian apomucins. [10, 11] . Polyclonal antisera raised against these mucins were directed towards the polypeptide moieties and displayed interspecies cross-reactivity. The early biosynthetic precursors of RGM and HGM were identified as 300 kDa and 500 kDa polypeptides respectively. They contained N-linked glycans and constituted disulphide-linked oligomers shortly after translocation into the endoplasmic reticulum (ER) [12] [13] [14] .
Additional information on the structure of mucin polypeptide backbones was deduced from cDNA cloning and sequencing. At least seven different human mucin genes have been identified thus far, one of which (MUCI) encodes a carcinoma-associated membrane-bound mucin [15] . Most ofthe other identified cDNAs (MUC2 to MUC6) are likely to code for secreted gel-forming mucins, expressed in different epithelia [16] [17] [18] [19] [20] [21] [22] [23] [24] . From these studies a general model of the molecular structure of mucins has emerged, in accordance with the biochemical data described above. Each of these mucins contains a variable number of unique tandemly repeated sequences, ranging from eight (MUC5c [22] ) to 169 (MUC6 [24] ) amino acid residues. They are composed mainly of threonine and seine residues and comprise most of the 0-linked glycan attachment sites. In the MUC2 gene product, the major mucin of the human intestine [25] , these tandem repeats are flanked by cysteine-rich domains of approx. 350 amino acid residues. These cysteine-rich domains are homologous to the D-domains of human von Willebrand factor (vWF) and have been implicated in oligomerization of the MUC2 protein [18, 19] . These domains contain considerably fewer potential 0-glycosylation sites. Cysteine-rich domains have also [23, 26, [27] [28] [29] [30] [31] .
To elucidate the molecular structure of the HGM polypeptide and backbone and to better understand the mechanism of oligomerization, we isolated unique cDNA clones corresponding to a non-tandem-repeat region, by exploiting an oligonucleotide -probe corresponding to a proteinase-sensitive domain in HGM. The isolated clones appeared to have sequence identity to TBM cDNA [23, 32] and encoded several cysteine-rich domains.
MATERIALS AND METHODS Cell line and human tissue
The Hep-G2 cell line was propagated as described [33] . Stomach tissue was obtained from oesophagus-carcinoma patients undergoing partial stomach resection in the Academic Hospital of Utrecht. Only stomach tissue that was healthy by macroscopic criteria was included in this study.
Materials
Restriction nucleases, modifying enzymes, trypsin and standard molecular biology reagents (analytical grade) were from Boehringer (Mannheim, Germany). All 32P and 35S radioisotopes were from Amersham. The Superscript cDNA synthesis system and Sequenase 2.0 were purchased from BRL; AZAPII, XLlblue and the Gigapack Gold packaging kit were from Stratagene (La Jolla, CA, U.S.A.); TA-cloning kit was from Invitrogen (San Diego, CA, U.S.A.); and the Taq dye cycle sequencing kit was from Applied Biosystems. DNA probes were labelled using the oligonucleotide labelling kit from Pharmacia.
Oligonucleotides were synthesized on an Applied Biosystems 392 DNA synthesizer. PCR was performed in a Perkin-Elmer 480 thermocycler using AmpliTaq polymerase (Perkin-Elmer, Norwalk, CT. U.S.A.).
Isolation of gastric mucin and generation of tryptic fragments HGM was isolated from pooled fundic mucosae of four oesophagus-carcinoma patients exactly as described [11, 34] . The material was analysed by SDS/PAGE and silver staining and no contaminating proteins were found. The mucin was reduced and alkylated using iodoacetamide, dialysed against water and lyophilized. A 1.5 mg sample of this preparation was redissolved in 100 mM NH4HCO3, trypsin was added to 0.04 M and the digestion was allowed to proceed at 37°C for 14 h. A trypsin self-digestion was also initiated to avoid sequencing possible fragments of trypsin itself. The digest was acidified to 0.1 % with trifluoroacetic acid (TFA) and a 50 1ul aliquot was chromatographed on a Brownlee RP-300 (C8-RPLC) column (2.1 mm x 30 mm), which was eluted using a gradient of acetonitrile in 0.1 % TFA. A total of 11 peaks were identified, and designated HGM-tl to HGM-tl 1. HGM-tl 1, a sharp peak eluting at 28 
RESULTS

HGM amino acid sequence information
No sequences were obtained when the purified HGM was subjected to Edman degradation sequencing, probably indicating that the mucin was N-terminally blocked. Since it was previously shown that small HGM fragments could be generated by trypsin digestion [11] , tryptic fragments were sequenced. The sequence of the most abundant fragment, HGM-tl 1, could be unambiguously determined as: Phe-Asp-Val-Asp-Phe-Pro-Ser-Pro-Gly-Pro-HisGly-Gly-Asp-Lys-Glu-Thr-Tyr-Asn-Asn-Ile-Ile. Surprisingly, this 22-amino-acid sequence exactly matched the sequence of the TBM :TR-3a tryptic fragment of human TBM [32] . Compared with that sequence, an extra isoleucine and arginine were detected at the C-terminus of HGM-tl 1. The assignment of an N-terminal tryptophan residue was ambiguous in our sequence.
A '66-guessmer' oligonucleotide (Table 1) corresponding to the sequence of HGM-tl 1 was synthesized and used to probe Northern blots to investigate the feasibility of using the oligonucleotide in cDNA cloning studies. The sequence was deduced using the recommended codons when designing oligonucleotide probes [37] . A high-molecular-mass transcript, estimated to be > 10 kb, was detected in human stomach total RNA ( Figure 1 ) as well as in poly(A)+ RNA (not shown). Only upon overexposure of the blots was a weak signal noticed in gall bladder RNA, but the oligonucleotide did not hybridize to RNA isolated from Hep-G2 cells (results not shown). Under similar stringency conditions this transcript was not detected in rat stomach RNA or human lung RNA (results not shown). The length of the mRNA and the specific hybridization pattern suggested that the HGM-tl 1 oligonucleotide indeed was suitable for the isolation of HGM cDNA clones.
Molecular cloning of HGM cDNA and analysis of expression Next, a human stomach cDNA library was constructed in AZAPII. Since the location of HGM-tl 1 in the protein (Nterminal or C-terminal) was unknown, and since the HGM transcript was larger than 10 kb, precautions were taken to HGM-tll generate a library containing both 5' and 3' sequences of the expressed genes. During our studies the importance ofusing highquality mRNA became apparent, as 5' sequences may easily be under-represented after poly(A)+ selection when degraded RNA is used. The first-strand cDNA synthesis was primed with random hexamers rather than poly(dT). The presence of a 377 bp 5' fragment of the gastric H+/K+-ATPase (corresponding to nucleotides 22-399 [39] ) was tested at each step of generation of the library. This was done by subjecting small aliquots of the nascent library to PCR analysis with gene-specific primers HKATPaseNf and HKATPaseNr (Table 1) . In all PCR analyses, including analysis of the ultimate library, the amplified 5' H+/K+-ATPase cDNA fragment appeared with comparable intensity to 3' H+/K+-ATPase cDNA fragments (nucleotides 2312-3078 in [39] amplified by HKATPaseCf and HKATPaseCr; Table 1 ) or 3' pepsinogen C cDNA (primers PEPC-Cf and PEPC-Cr; nucleotides 270-370 [40] ). In addition a 342 bp MUC6 fragment [24] could be PCR-cloned from the library using the MUC6-specific primers described in Table 1 . This suggested that the library was appropriate to isolate HGM cDNA clones with the HGM-tl 1 oligonucleotide, including the possibility of 5' end location.
After screening 100000 clones, 13 clones appeared positive in duplicate, and 10 of these were further purified by rescreening. After in vivo excision of the Bluescript plasmid, the inserts were released with NotI and digested with PstI and Sacl. The restriction fragments were subsequently tested on Southern blot for hybridization with the HGM-tl 1 probe, revealing nine clones with positive inserts (results not shown). These clones were designated as HGM-1 to HGM-9.
The clone with the largest insert, HGM-1, was selected for further analysis. To validate the identity of this clone as a candidate HGM cDNA, we labelled the complete insert to test expression of this cDNA in high-stringency Northern-blotting experiments. On similar blots a signal was obtained which was indistinguishable from that of the HGM-tl 1 probe. Again, a > 10 kb transcript was detected in human stomach (Figure 1 Interestingly, a distinct transcript was detected in the rat stomach (Figure 1 ), suggesting sequence similarity between the HGM and RGM genes, although the rat mRNA appeared clearly smaller than its human counterpart. These data suggest that HGM-l represents a valid gastric mucin cDNA clone which is expressed in human and rat stomach.
Sequence determination and analysis of HGM-1
Clone HGM-1 was sequenced completely according to the strategy described in Figure 2 . Due to an extremely high proportion of GC residues (63 %), many sequence problems The nucleotide sequence of HGM-1 was determined as described in Figure 2 . The deduced amino acids are shown under the nucleotide sequence. Amino acid residues (single-lefter code) of three cysteine-rich domains of HGM-1 were aligned with two analogous domains in a region of MUC2 N-terminal to the tandem repeats [18] and with an analogous domain in TBM cDNA [23] using the Clustall program. The enumeration of the sequences in the mentioned articles was used. The consensus was established when five out of six residues were identical. 0 indicates serine or threonine. (c) Alignment of cDNA sequences found to encode the HGM-tll/TBM:TR-3a tryptic fragment [22, 23] . TBM represents the sequence of clone NP3a, which was cloned from a nasal polyp cDNA library [23] . PC1 and PC5 represent clones amplified from nasal polyp RNA by reverse transcriptase PCR [23] and TH47 represents the sequence of clone TH47 in [22] . Amino acid residues are in three-letter code. indicates identity of all sequences. Note that none of the sequences are completely identical. (d) Representation of tryptic fragments TBM:TR-3b and HGM-tll/TBM:TR-3c [31] deduced amino acid residues of clones HGM-1 ( Figure 3 ) and NP3a (TBM) [23] similar to these polypeptides. Amino acid residues are in one-letter code.
CV-PLCNWTGWLDSGKPNFHKPGGDTELIGDV-------CG-PGWAANISCRATM APGVPLRALGQRVQCSPDVGLTCRNREQAS----G--LCYNYQIRVQCCTPLA-C FPNTPLADLGQDVICSHTEGLICLNKNQLP----P--ICYNYEIRIQCCETVNVC HPEVSIEHLGQVVQCSREEGLVCRNQDQQG----PFKMCLNYEVRVLCCETPRGC HPEVNIEHLGQVVQCSREEGLVCRNQDQQG ----PFKHCLNYEVRVLCCETPRGC DPHLSLEQHGQKVQCDVSVGFICKNEDQFGNG--PFGLCYDYKIRVNCCWPMDKC YPDVPIGQLGQTVVCDVSVGLICKNEDQKPGGVIPMAFCLNYEINVQCC----EC -P------GQ-V-C----GGL-C-N--Q------P---C--Y--RV-CC-----
were encountered. HGM-1 subclones were therefore sequenced several times using fluorescent-primer-based automatic sequencing before a reliable sequence was obtained. Ambiguous parts were resequenced twice,-using conventional techniques. Clone HGM-1 contained 2551 bp, encoding an open reading frame of 850 amino acid residues (Figure 3) . The HGM-tl 1 tryptic fragment was identified and facilitated orientation of the appropriate reading frame. Nucleotides 2177-2536 had considerable sequence identity (91.7 % at the nucleotide level; 86.7 % at the amino acid level) with the extreme 5' 360 bp of clone NP3a, a recently described cDNA encoding the C-terminus of human TBM [23] . In addition to the HGM-tll/TBM:TR-3a tryptic fragment of HGM and TBM [32] , we identified in this region a stretch of amino acids homologous to the TBM: TR-3b Table 2 Amino acid composition of the seven HGM-1 subdomains Amino acid compositions were determined from the deduced cDNA sequence shown in Figure 3 and are depicted as percentages. HGM-1 indicates the composition of the complete cDNA clone. and -3c peptides (Figures 4c and 4d) . A putative signal sequence or polyadenylation signal was not present in HGM-1, indicating that this clone represents an internal fragment of the HGM cDNA. A tandemly repeated amino acid sub-sequence was not present either. Two consensus sequences for N-linked glycosylation were found at positions 19 and 304. The amino acid composition of HGM-1 is typical of mucin glycoproteins, with large amounts of hydroxy amino acids and proline. As anticipated, cysteine also accounts for a considerable number of the amino acid residues ( Table 2) . Stretches of three subsequent hydroxy amino acids (e.g. TSS SST STS) were found 13 times in HGM-1. The hydroxy amino acids and proline appeared to be enriched in three clusters of 64, 65 and 95 residues. Each of these clusters contained four copies of sequence TXXP, which has been implicated as a major site for GalNAc addition [41] [42] [43] [44] . These regions are likely to be heavily glycosylated. The amino acid sequence of HGM-1 could be subdivided as indicated in Figure 3 into seven domains differing considerably in amino acid composition (Table 2) . Noticeably, cysteine-rich domains were separated by domains with extremely high threonine, serine and proline contents.
Amino acid composition by domain (%)
The cysteine-rich domain 1 (313 amino acid residues) had high sequence similarity to the D-domains of human vWF and MUC2, and exemplifies part of a putative D-domain in the HGM gene. The highest similarity was observed when this sequence was compared with the MUC2 D3-domain, the D-domain located just upstream of the tandem repeat region in the MUC2 gene; 52 % of the amino acid residues were identical (Figure 4a ). The three other cysteine-rich domains (domains III, V and VII) were aligned using the method of Myers and Miller [45] (Figure 4b) . Interestingly, several amino acid residues, especially two tryptophan and 10 cysteine residues, were exactly conserved in all three domains. This identity was also found when the sequences were aligned with similar domains in TBM and MUC2, but not vWF (Figure 4b ).
DISCUSSION
We previously developed methods to obtain highly purified and intact HGM and generated specific antibodies [12] [13] [14] . We have now utilized this method to isolate HGM for the generation of unique nucleotide probes. In dot-blot experiments the isolated mucin reacted specifically and intensely with the antisera previously raised against HGM and RGM. A tryptic fragment of HGM was sequenced and appeared identical to a previously reported sequence of TBM [32] . Clone HGM-1 contained the nucleotide sequence encoding this peptide, thus providing evidence that this cDNA indeed represents part of the HGM gene. Additional evidence was supplied by Northern blotting studies indicating that the HGM cDNA probes hybridized to a very large transcript present in stomach tissue.
Identity of HGM cDNA The 3' region of clone HGM-l clearly resembles part of the TBM cDNA ( Figure 4b ) [22, 23] . Moreover, the 24 bp MUC5c repeat region was previously shown to be expressed both in the stomach and in the trachea [46] . This suggests that HGM-1, TBM cDNA and the MUC5c repeat region may be part of the same gene, which is expressed in the stomach, trachea and endocervix [22, 23, 46] . A consequence of the expression of this gene in the stomach and trachea would be that the HGM-tl 1/TBM: TR-3a fragment is present at least twice in the mucin, as the coding stretch of nucleotides is highly similar but not identical to the sequence ofTBM (Figure 4c) . Moreover, additional non-identical sequences coding for the same fragment were obtained by reverse transcriptase PCR [23] and by conventional cDNA cloning [22] (Figure 4c) . Also, the TBM:TR-3b peptide was not exactly recovered as described previously (Figure 4d) [19, 23, [26] [27] [28] 31, 47, 48] . The two domains at the N-terminus of vWF are responsible for the conversion of vWF dimeric precursors into higher oligomers. These domains are proteolytically cleaved from the remainder of the molecule during biosynthesis [49] [50] [51] . A similar function in oligomerization has been suggested for the D-domains found in mucins, and the presence of a D-domain in HGM cDNA suggests that this function also applies to HGM. In fact, it was recently shown that MUC2 polypeptide precursors form intermolecular disulphide-bond-mediated oligomers during synthesis [52] . Furthermore, gastric mucin precursors in rat and man form oligomers. This process was proposed to occur in the ER of mucin-synthesizing cells, before addition of the first 0-linked sugar chains. Since gastric mucin precursor oligomers include trimers and tetramers, the subunits can form intermolecular disulphide bonds at both ends of the molecule [13, 14] . It was proposed that the final number of covalently linked mucin precursors is determined in the ER. In contrast, the ER form of the vWF precursors is exclusively monomeric or dimeric. Higher oligomers are formed in a later, slightly acidic, biosynthetic compartment [49] [50] [51] . Although HGM cDNA may contain at least one D-domain, these data indicate that the oligomerization of mucin precursors differs from the polymerization of vWF subunits.
Domain structure of HGM-1
In addition to the putative D-domain, three other similar cysteinerich domains were identified in HGM-1. Again, the spatial arrangement of cysteine residues was strictly conserved in two similar domains in MUC2 and in one identified domain in TBM (Figure 4) , suggesting a functional importance of these domains for gel-forming mucins. Similar structures in other mucin partial cDNAs or in vWF were not found. Whether these domains exhibit specific functions in HGM biosynthesis or whether they interact with other components of the mucus gel is as yet unknown.
Another interesting aspect of the deduced polypeptide sequence is the alternating arrangement of four cysteine-rich and three small TSP-rich clusters ( Figure 5 ). At this time, there is no indication that the number of thesealternating clusters is limited to the seven that are described here. The TSP-rich clusters contain no cysteines but very high amounts of serine + threonine, and are likely to be extensively 0-glycosylated. Interestingly, they do not seem to have a tandem repeat organization. The 0-linked glycans and the high number of proline residues presumnabl cause an extended conformation of these domains [3] .
The cysteine-rich domains are most probably glycosylated to a The seven identified domains of HGM-1 are depicted and compared with the organization of the most similar region in the deduced MUC2 gene product, immediately N-terminal to the tandem repeat region [19] .X, Putative D-domains; D., indicate TSP-rich regions; El, cysteine-rich domains with conserved position of cysteines. The semi-repetitive region and exact tandem repeats of MUC2 are in black. The bar indicates 250 amino acid residues.
much lesser extent and may form more globular structures due to disulphide bond formation. Therefore, in HGM, highly glycosylated domains may alternate with more globular modules. A similar organization was described in integumentary mucinC1 of Xenopus laevis, which contains cysteine-rich P-domains followed by consecutive semi-repetitive threonine-rich clusters [31] . However, no direct homology between the described cysteinerich domains of HGM-1 and P-domains is apparent. An alternating cluster structure has also been proposed by Sheehan and Carlstedt for cervical mucins [53] . This was based on electron microscopic imaging of these molecules and tryptic fragments of them after binding of colloidal gold particles to supposed hydrophobic, non-glycosylated, domains of the mucins. The gold-labelled domains were located approx. 200 amino acid residues apart, which is comparable to the number of residues encompassed by one cysteine-rich domain and one TSP-rich region. Therefore, although differences may exist between cervical and gastric mucins, the observed oligosaccharide clusters may be reflected by the alternating domain structure of the mucin cDNA. The similarity of the HGM-1 sequence with that of the MUC2 cDNA (Figures 4 and 5) suggests that the gastric and intestinal mucin genes may have a common ancestor. The sequence of the third D-domain of MUC2 is more similar to the incomplete Ddomain of HGM-1 than to the other MUC2 D-domains. This suggests that, during evolution, duplication of the D-domains in this putative ancestor gene preceded the formation of two independent genes. The described structural features may apply to more members of the mucin gene family. In conclusion, these data indicate that the HGM gene product contains at least one D-domain, probably involved in intermolecular disulphide bond formation, and in addition three other cysteine-rich domains with unknown function. The cysteine-rich domains alternated with short highly glycosylated modules. We gratefully acknowledge Dr 
